Introduction
Protein-derived scaffolds are attractive both as biotechnological tools and as therapeutics since they combine the desired properties of antibodies, mainly high affinity and specificity, with a number of beneficial characteristics of small molecules (Binz et al., 2005; Gebauer and Skerra, 2009) . Interesting properties for a usable protein scaffold depend on the applications targeted. For example, binding to different epitopes of the same target and low background binding are desirable for diagnostic applications to obtain sensitive and specific assays, whereas thermal, chemical and protease resistance are more beneficial for therapeutic purposes. Other advantageous properties include a high solubility in aqueous solutions, a lack of cysteine to simplify production and intracellular applications, a high recombinant expression yield, and a small size compatible with chemical synthesis (David et al., 2004) .
However, combining a large number of these desired properties into one molecule is a real challenge. Despite the dozens of protein scaffolds developed during recent decades, only a few are appropriate for applications because of the lack of at least one of the critical properties that would justify their use as a true alternative to antibodies (Skerra, 2007) . Thus, there remains a need for protein scaffolds that can combine as many favorable properties as possible but still be plastic enough to be improved on demand. For example, the well-established protein scaffold Affibody was recently optimized to reduce its similarity to the Z domain, in order to improve its thermal stability and its suitability for peptide synthesis (Feldwisch et al., 2010) . More recently, an alternative library design was reported for the Monobody scaffold that enabled diverse types of binding surface to be produced (Koide et al., 2012) .
We have previously described the use of Sac7d protein and its homologues as a non-antibody scaffold (Mouratou et al., 2007; Pecorari and Alzari, 2008) , which combines a number of favorable properties from which artificial affinity proteins (Affitins) can be derived. Sac7d is constituted of one protein chain of 66 amino acids (7 kDa) folded as an oligonucleotide/oligosaccharide-binding-fold (OB-fold), a b-barrel capped by a C-terminal a-helix, and lacks disulfide bridge. With its small size compatible with chemical synthesis and low structural complexity, Sac7d occupies an intermediate position between small peptides and proteins. Unlike other protein scaffolds, Sac7d belongs to a family of hyperthermostable and acidophilic proteins from Archaea. Sso7d, Ssh7b and Sis7 from Sulfolobus solfataricus (Choli et al., 1988) , Sulfolobus shibatae (Chen et al., 2002) and Sulfolobus islanditicus (Lopez-Garcia and Forterre, 1999) , respectively, are also members of this family. Sac7d and Sso7d have been extensively studied for their DNA-binding activity, their chemical stability and their biophysical properties (McAfee et al., 1996; McCrary et al., 1996; Guagliardi et al., 2002; Clark et al., 2004 Clark et al., , 2007 Shehi et al., 2003; Merlino et al., 2004; Bedell et Yuann et al., 2012) . Sac7d is stable at pH as low as 0 and at high temperatures, up to 90.48C at pH 5.5 (Edmondson and Shriver, 2001 ). A combinatorial library containing different Sac7d variants has been generated by randomizing 14 amino acids located in the DNA-binding site. Thermally (up to 908C) and chemically stable (including toward up to 8 M urea and toward detergents) Sac7d variants with sub-nanomolar affinities (K D ¼ 140 pM) and high specificities for a conformational epitope of the bacterial protein PulD (Mouratou et al., 2007; Krehenbrink et al., 2008; Buddelmeijer et al., 2009 ) have been selected from this library, thus converting Sac7d from a DNA-binding molecule into a protein-binding molecule. Anti-PulD binders were overexpressed in the cytoplasm of Escherichia coli (up to 200 mg/l culture), yielding highly soluble proteins (at least up to 1 mM) that remain functional after fusion with green fluorescent protein (Buddelmeijer et al., 2009) , the latter having been used as a reagent for immunolocalization. We also demonstrated that a binder with a low nanomolar dissociation constant for lysozyme could be used to detect labeled lysozyme in a protein chip format (Cinier et al., 2009 (Cinier et al., , 2012 , as well as its use in designing reagentless fluorescent biosensors (Miranda et al., 2011) . Taken together, these works demonstrate that Sac7d protein has a large number of desired properties that make it attractive for various applications.
With the aim of determining whether the potential of this scaffold can be further extended while conserving its stability, we challenged the plasticity of Sac7d protein. We designed a new mutagenesis library scheme which involves the recruitment of a binding surface different from that of the parental scaffold and composed of only 10 amino acid residues. Both libraries were used successfully to isolate highly stable ligands able to recognize specifically different epitopes of human IgG using diverse types of binding surfaces.
Materials and methods

Generation of combinatorial libraries
The generation of library L1 that corresponds to the random mutagenesis of positions 7, 8, 9, 21, 22, 24, 26, 29, 31, 33, 40, 42, 44, 46 in Sac7d protein has been previously described (Mouratou et al., 2007 (Mouratou et al., , 2012 . To construct library L2 that corresponds to the random mutagenesis of positions 26, 27, 28, 29, 31, 42, 44, 46, 47, 48 in Sac7d protein, the same protocol was used with the following oligonucleotides:
. Both libraries were constructed in the ribosome display format with estimated numbers of independent variants of about 10 12 (Mouratou et al., 2012) .
Ribosome display selection rounds
For selection experiments, biotinylated target protein was used. The biotinylation was performed by incubation of a 10-mM solution of human IgG-Fc fragment (Bethyl Laboratories) with a 20-fold molar excess of sulfosuccinimidyl-6-(biotinamido) hexanoate (Sulfo-NHS-LC-LC-Biotin, Pierce) in PBS on ice for 1 h. The biotinylated proteins were buffer-exchanged using protein desalting spin columns from Pierce equilibrated in 20 mM Tris -HCl, 150 mM NaCl pH 7.4 (TBS). The degree of biotinylation was determined, using the HABA assay (Sigma), as being about 1.5 molecules of biotin per protein molecule. Biotinylated target proteins were bound (1.5 ml of a 10 mM solution in 100 ml of TBS containing 0.1% Tween-20 and 0.5% bovine serum albumin (BSA) per well) to immobilized Neutravidin or streptavidin alternately from round to round in a Maxisorp plate (Nunc) and selections by ribosome display were performed at 48C as previously described (Mouratou et al., 2007 (Mouratou et al., , 2012 . Five and seven rounds of selection were performed with libraries L1 and L2, respectively. The washing conditions for selections were the following: 6 Â 10 s, 6 Â 5 min, 6 Â 10 min, 6 Â 20 min, 4 Â 1 min þ 6 Â 20 min, 4 Â 1 min þ 3 Â 60 min, 4 Â 1 min þ 4 Â 5 min þ 3 Â 60 min, from round 1 to round 7, respectively.
Enzyme-linked immunosorbent assay
One hundred microliters of in vitro translated binders from selected pools, or of E. coli crude extract supernatants or of purified proteins, were used to test the binding on target proteins (Fc fragment of IgGs), and on BSA as a negative control, coated on a Maxisorp plate. The detection was performed using the RGS His6 antibody horseradish peroxidase (HRP) conjugate (Qiagen) which detects the RGS His6-tag from Affitins and a solution buffer (0.05 M citric acid, 0.05% hydrogen peroxide, 1 mg/ml o-phenylenediamine substrate (Sigma)) was added and absorbance at 450 nm was measured. All incubation steps were carried out in TBS pH 7.4 with 0.1% Tween 20.
Analysis of selected pools and isolated clones
The reverse transcriptase-polymerase chain reaction products from selected pools were cloned into the pFP1001 vector using BamHI and HindIII restriction sites and the resulting ligations were used to transform the E. coli DH5a Iq strain. Clones were picked from a Petri dish to inoculate a deepwell plate containing 1.5 ml of LB medium per well (100 mg/ml ampicillin, 25 mg/ml kanamycin, 1% glucose).
After overnight culture at 378C with shaking at 750 rpm, 0.2 ml of each well from this master plate was used to inoculate another deep-well plate containing 1.2 ml 2YT medium (100 mg/ml ampicillin, 25 mg/ml kanamycin, 0.1% glucose) per well. The plate was then incubated at 378C for 2 -3 h with shaking (750 rpm). The expression was induced with the addition of 0.5 mM isopropyl b-D thiogalactoside and overnight incubation at 308C with shaking (750 rpm). Cells were pelleted with a centrifugation step (2000 g) and supernatants discarded. Proteins were extracted with 50 ml BugBuster (Novagen) containing 5 mg/ml DNase I (Sigma) per well with shaking at 750 rpm for 30 min, then 250 ml of TBS was added. Cell debris were pelleted with a centrifugation step (2000 g) and supernatants were tested by enzymelinked immunosorbent assay (ELISA) for their ability to bind to human Fc fragment. Positive clones were sequenced by standard sequencing techniques.
Protein production and purification of binders and wild-type Sac7d
The binders were expressed in the E. coli DH5a Iq strain on a 50 ml to 1 l scale and purified as described previously (Mouratou et al., 2007) .
Immunoglobulins
IgGs used in this study were purchased from Fluka: hIgG (i.e. IgG pool from human serum containing hIgG1, hIgG2, hIgG3, and hIgG4); and from Sigma-Aldrich: hIgG1, hIgG2, hIgG3, hIgG4, IgG from mouse, rat, sheep, goat, rabbit, and pig.
Study of the effect of pH on Affitin stability by circular dichroism
Proteins in TBS 7.4 were diluted to 0.33 mg/ml in buffered solution or a strong acid corresponding to each pH unit from 0 to 13. Except for HCl, the following solutions were adjusted to the required pH with HCl or NaOH: pH 0 ¼ 1 M HCl, pH 1 ¼ 0.1 M HCl, pH 2 ¼ 50 mM NaH 2 PO 4 , pH 3 ¼ 50 mM NaH 2 PO 4 , pH 4 ¼ 50 mM acetic acid, pH 5 ¼ 50 mM acetic acid, pH 6 ¼ 50 mM MES, pH 7 ¼ 50 mM phosphoric acid, pH 8 ¼ 50 mM NaH 2 PO 4 , pH 9 ¼ 50 mM Tris base, pH 10 ¼ 50 mM methylamine, pH 11 ¼ 50 mM methylamine, pH 12 ¼ 50 mM NaH 2 PO 4 , pH 13 ¼ 0.1 M NaOH. Protein samples were incubated overnight at room temperature and residual ellipticity was measured at 222 nm on a Jasco J-810 instrument (Jasco), using a quartz cell with a path length of 0.2 cm (Hellma). The temperature was maintained at 208C with a programmable 482 Peltier single cell holder.
Study of thermal stability by circular dichroism
The study was performed as described by Edmondson and Shriver (2001) using a quartz cell with a pathlength of 1 cm (Hellma). Protein solutions at a concentration of 0.02 mg/ml in a 1 mM potassium acetate buffer pH 5.5 were heated from 208C to 998C at 18C/min and the changes in ellipticity were monitored at 205 nm. The melting temperatures were evaluated from the collected data as midpoints of the thermal transitions using OriginPro software (OriginLab) and a two-state transition model assuming that there is a change in heat capacity of the folded and unfolded forms (Greenfield, 2006; Mouratou et al., 2007) .
Crystallization of C3-24S
Initial crystallization screening was carried out by vapor diffusion using a Cartesian TM nanoliter dispensing system. After optimization, the best crystals of C3 binder were obtained from a stock solution (20 mg/ml) of selenomethionyl protein via sitting-drop vapor diffusion at 188C, by mixing equal volumes (1 ml) of protein solution with a solution of 3.5 M ammonium sulfate. Rod-shaped crystals appeared after 2 days and reached their maximum size over 1 week. Prior to data collection, crystals were flash-cooled in liquid nitrogen after being soaked in a cryoprotectant solution made of 75% mother liquor and 25% glycerol. Data collection, structure solution and refinement of C3-C24S structure were performed as indicated in Supplementary data.
Surface plasmon resonance
Surface plasmon resonance (SPR) was measured using a BIAcore 3000 instrument at 258C. hIgG or hIgG1 (1500-2000 RU) was immobilized on flow cells of a CM5-chip. The running buffer was HBSEP pH 7.4 (20 mM Hepes, 150 mM NaCl, and 0.005% P20). Regeneration was performed with 10 mM glycine, pH 2.5.
The ranking of positive binders according to their off-rate was performed using supernatants produced for ELISA screening. These supernatants were purified on microspin columns containing 100 ml Ni-Fast Flow Chelating Sepharose (GE Healthcare) equilibrated with TBS pH 7.4 containing 25 mM imidazole. Resin was washed four times with the loading buffer and purified proteins were eluted with 150 ml TBS pH 7.4 and 250 mM imidazole. Purified proteins were diluted one-fifth in running buffer prior to injections for kinetic measurements at a flow rate of 60 ml/ min.
Kinetic measurements for affinity determinations of hIgG binders were performed with size-exclusion purified proteins injected at concentrations ranging from 7.8 nM to 5 mM. Data were evaluated using Scrubber2 (Biologic software) and BIAeval software (BIAcore) using the 1 : 1 Langmuir binding model and a global fitting procedure (Karlsson and Falt, 1997) .
Kinetics of deactivation of Affitins monitored by SPR
Changes in the binding capacities of Affitins for hIgG1 following exposure to NaOH at various concentrations were monitored by SPR essentially as described by Palmer et al. (2008) . Briefly, hIgG1 (1600 RU) was immobilized by amine coupling chemistry on flow cells of a CM5-chip. Affitin proteins (100 mM) were independently incubated with 90 ml of buffer solution at pH 1, 2, 3, 11, 12 or 13. The kinetics of deactivation by pH were stopped by neutralization of 10 ml of the protein/buffer mixture into 490 ml of the SPR running buffer HBSEP pH 7.4. The residual functional protein able to bind hIgG was measured by SPR by injecting Affitins at a concentration of 200 nM. Regeneration was performed with 10 mM glycine, pH 2.5.
Scanning mutagenesis
Changes of residues were introduced by mutagenesis of the plasmids pFP1001 encoding Affitins with the Quickchange II site-directed mutagenesis kit (Stratagene).
Accession number
Coordinates and structure factors have been deposited in the PDB with accession number 2xiw.
Results
Anti-IgG Affitins derived from the L1 'flat surface' library
Selection and characterization of anti-IgG binders. The L1 combinatorial library of Sac7d variants, which corresponds to the random substitution of 14 residues (Mouratou et al., 2007) that compose a flat binding area for new ligands, was first used as a source of potential binders (Fig. 1a) . With the aim to isolate variants able to bind to human IgG independently of their hypervariable regions, the selection was performed using a purified crystallizable fragment (Fc) from a polyclonal human antibody pool as the target. A total of five rounds of ribosome display selection were carried out before screening for the selected clones.
The enriched pool was cloned into an expression vector and the Affitins were produced in the cytoplasm of E. coli. Crude extracts from 80 individual clones assayed by ELISA with immobilized Fc or BSA showed significant and specific Fc binding for about 52 clones ( 65% positive). All positive clones were further purified using immobilized metal ion affinity chromatography (IMAC). The resulting Affitins were screened by SPR with a chip coated with Fc fragment to identify rapidly those with the highest affinities. Thirty-seven clones were chosen for their slower kinetics of dissociation, and their DNA sequence analysis revealed the presence of 17 different amino acid sequences (Fig. 2a) . The sequence corresponding to the C3 clone was found 21 times and 10 variants differed from C3 by 1 to 4 mutations, while 6 other clones were found not to belong to the C3 sequence family.
A subset of 11 representative clones was produced on a higher scale. Eight out of 11 Affitins accumulated in large amounts in the E. coli cytoplasm at 308C after overnight growth and could be purified to homogeneity in two steps by IMAC followed by gel filtration. The proteins showed the expected molecular weight ( 9 kDa) according to sodium dodecyl sulphate-polyacrylamide gel electrophoresis ( Supplementary  Fig. S1 ). Furthermore, the proteins were predominantly eluted from the size-exclusion chromatography at the volume corresponding to monomeric species (Supplementary Fig. S2 ).
After purification, the binding affinities of the best eight producing clones were further characterized by SPR. The monomeric selected Affitins were able to recognize Fc in the context of full-length hIgG. Affinity titrations indicated that all clones had an equilibrium dissociation constant (K D ) in the nanomolar range. Clone C3 with an affinity of 74 nM was chosen for further studies as the most represented clone (Table I, Supplementary Fig. S3a ).
Study of C3 binding specificity. An ELISA with the four purified hIgG subclasses indicated that C3 was able to interact with a strength decreasing in the following order: hIgG1 . hIgG2 . hIgG4 (Fig. 3) . No significant crossreactivity was detected with hIgG3 and hIgA (not shown), nor with IgGs from several other organisms tested except for IgG from pig. As there is high sequence conservation between Fc regions from human and from pig (around 95% sequence identity), the observed specificity probably resulted from local structural differences between the IgGs.
Study of the stability of C3. To investigate the pH stability of C3, it was incubated overnight at pH from 0 to 13. Circular dichroism measurements at 222 nm indicated that the alphahelical structure of C3 remained largely stable under alkaline . A model of C3 structure was created by substitution of Ser24 with a cysteine in the C3-C24S structure using PyMOL software (www.pymol.org). A model of D1 structure was created from its primary sequence using I-TASSER server (Zhang, 2008; Roy et al., 2010) . Red, positions where the affinity for hIgG strongly decreased (. 10 fold); orange, positions where the affinity for hIgG mildly decreased (between 2-fold and , 10 fold); blue, positions where affinity did not change. Molecular graphics were generated using PyMOL.
conditions up to pH 10 (Table I and Fig. 4) . Wild-type (WT) Sac7d was stable up to pH 12 and was more stable than C3 at acidic pH. To our knowledge, this last result showed for the first time that the acidophilic Sac7d protein can also be considered as an alkaliphilic protein. To investigate whether the effect of extreme pH was reversible, the fraction of C3 that remained functional after denaturation and renaturation was quantified by SPR. All the C3 remained active after incubation at pH 1, 2 and 3 followed by renaturation (Fig. 5a ), contrary to the previous measurement by circular dichroism of an unfolded fraction of 21 -35% at these acidic pHs, suggesting a reversible denaturation. Under alkaline conditions, fast kinetics of inactivation were observed (Fig. 5b) for pH higher than 11, suggesting that C3 is irreversibly altered. In addition, the thermal stability of C3 (70.08C) was significantly lower than that of WT Sac7d (90.48C) (Table I, Supplementary Fig. S4a) , as determined by circular dichroism measurements. We previously characterized the anti-PulD binder Sac7*39 from library L1 with a higher thermal stability of 89.68C (Mouratou et al., 2007) . This indicates that it is possible to obtain thermally stable binders Edmondson and Shriver (2001) . c As determined by circular dichroism experiments (Fig. 4) . d As determined by SPR experiments (Fig. 5) . NR, not relevant; ND not determined.
from the L1 library. However, in the output of the anti-IgG selection from library L1, we were unable to find binders with higher thermal stability than C3 (data not shown).
Crystal structure of the C3-C24S mutant. To investigate whether the mutagenesis scheme used to generate binders from Sac7d was structurally well tolerated by the protein, we sought to determine the crystal structure of C3. However, at the high concentrations used for crystallization purposes, C3 had a tendency to form covalent dimers via its free cysteine in position 24. To prevent this, Cys24 was replaced by a serine. The resulting mutant C3-C24S was monomeric as indicated by size-exclusion chromatography ( Supplementary  Fig. S2c ) and had an affinity of about 223 nM, suggesting a moderate involvement of Cys24 in IgG binding. The structure of the functional C3-C24S was solved by a three-wavelength MAD approach on a selenomethionyllabeled crystal and the model, comprising two C3-C24S molecules per asymmetric unit, was refined at 1.5 Å resolution to a final R ¼ 17.5%, R free ¼ 19.1%. Despite the high percentage of mutated residues (. 20%), C3-C24S maintained the fold of WT Sac7d, i.e. a b-barrel providing an exposed, almost flat binding surface, capped by a C-terminal a-helix (Fig. 1c) . Both independent monomers could be traced completely. Deviations of the backbone conformation from the available crystal structures of Sac7d or its homologues in complex with oligonucleotides were minimal (Fig. 1c) ; the overall rmsd for Ca atoms was less than 1.4 Å between C3-C24S and the two closest structures in the PDB (according to both SSM (Krissinel and Henrick, 2004) and DALI (Holm et al., 2008) ), namely Sac7d ( pdb entry 1WTP (Chen et al., 2005) ) and Sso7d ( pdb entry 1BNZ ), both crystallized in complex with DNA. The only significant backbone deviation observable in C3-C24S with respect to the crystal structures of Sac7d concerns the tight turn linking b1 to b2 (rmsd is 2.4 Å for residues 8 -11), which in C3-C24S is closer to the three-strand b-sheet due to an additional hydrogen bond between the main chain NH of Asn44 and the carbonyl oxygen of Leu7.
The 14 mutated residues cover most of the surface of the central three-stranded b-sheet that forms the DNA-binding area in WT Sac7d, contributing 1172 Å 2 of accessible surface area (Supplementary Fig. S5a) . The surface has a polar character (Supplementary Fig. S5b ), as some of the introduced mutations (notably V26Q, M29N and A44N) have disrupted the hydrophobic cluster at the DNA-binding surface of the WT protein. Moreover, tryptophan 24, known to be critical for DNA binding and kinking of the double helix (Bedell et al., 2005) , is now replaced by a serine.
No obvious explanation can be given from the structural analysis as to why C3 did not fully inherit the alkaline and temperature stabilities from WT Sac7d. Indeed, an analysis of H-bonds and salt bridges found in C3-C24S compared with those found in WT Sac7d structures showed that most H-bonds lost in C3-C24S are counterbalanced by new ones. Other residues making salt bridges in WT Sac7d are now involved in similar interactions mediating crystal packing contacts. However, salt bridges have a relatively low importance in stabilizing Sac7d (Clark et al., 2007) . Fig. 3 . Study of Affitin specificities by ELISA. C3 is from library L1 and D1 from library L2. Tested IgGs, and BSA as a negative control, were immobilized by adsorption in ELISA wells. Affitin binding was detected via its RGS His6-tag using an anti-RGS His6-tag antibody conjugated to HRP. Affitins were used at 1 mM. Fig. 4 . Study of the effect of pH on the structuration of anti-IgG Affitins and WT Sac7d. Proteins at 0.33 mg/ml were incubated at room temperature overnight in a solution buffered at each pH unit from pH ¼ 0 to 13. The unfolded fraction of the protein was calculated according to the residual ellipticity measured by circular dichroism. The continuous curves were drawn only for clarity.
Anti-IgG Affitins derived from the L2 'flat surface & loops' library
Alternative library design. Another mutagenesis scheme was investigated in order to challenge the plasticity of the Sac7d scaffold by exploring the use of a binding surface distinctly different from that of the initial library L1. To achieve this goal, residues involved in protein surface hydrogen bonding (Lys21, Thr40) or displaying a high backbone deviation between C3 and WT Sac7d (Lys7, Tyr8, Lys9) were not mutated. To avoid a drastic reduction in the number of randomized residues, the new potential binding site included the short loop connecting b3-b4 (Gly27 and Lys28) and a part of the loop connecting b5-a-helix secondary structures (Glu47 and Lys48). Thus, a total of 10 amino acids in this L2 library (Fig. 1b) were varied compared to 14 in the initial L1 library (Fig. 1a) .
Selection and characterization of anti-IgG binders from library L2. Selection and screening for library L2 were carried out as described for library L1. Of 96 clones from round 7 screened by ELISA for Fc binding, 80 were positive. Sequencing of the 17 clones with the slowest dissociation rates according to SPR screening (Fig. 2b) showed that selection led to similar sequences. Residues in the two loops were mutated in all selected clones, suggesting an involvement of loop residues in hIgG recognition. However, some of the Affitins contained the WT residue at position 48, suggesting either that this residue is not important for target recognition or that it has a structural role in these Affitins. As for the output from the L1 selection (Fig. 2a) , the obtained sequences showed some mutations not programmed in the library designs, which probably result from the hundreds of polymerase chain reaction cycles needed for ribosome display. The clone D1 which had the slowest off-rate and an affinity of 34 nM for hIgG as determined by SPR (Table I , Supplementary Fig. S3b ) was further characterized. This clone was monomeric as indicated by size-exclusion chromatography (not shown). The specificity of D1 for IgG as evaluated by ELISA was similar to that of C3 (Fig. 3) , except that D1 was unable to recognize pig IgG.
According to circular dichroism measurements at 222 nm and SPR, D1 was mainly stable up to pH 11 at equilibrium under alkaline conditions and up to about pH 12 after renaturation (Figs 4 and 5c and Table I ). Thus, D1 had an alkaline stability at equilibrium one pH unit higher than C3, though still slightly lower than WT Sac7d ( pH 12). According to SPR measurements, D1 remained fully active after incubation at pH 1, 2 and 3 followed by renaturation as observed for C3 (not shown). In addition, the thermal stability of D1 (80.78C) was 118C higher than that of C3 (70.08C) and only 108C lower than that of WT Sac7d (90.48C).
Scanning mutagenesis study
A 'back mutagenesis' was performed on C3 and D1 variants to convert residues that were selected back to WT by sitedirected mutagenesis to study the involvement of positions programmed in libraries on binding. After purification, the binding affinities of monomeric proteins were determined by SPR (Table II) , showing that several mutations drastically reduced affinity. Strikingly, among all positions explored, only six to eight residues per Affitin seemed to be sufficient to reach nanomolar affinities. As expected from our library designs, two different regions of Sac7d were involved for the binding of hIgG (Fig. 1d) . Indeed, although library L1 and 
Mapping of the Affitin binding site to the Fc region of hIgG
Protein A and CD64 receptor are two natural IgG ligands known to bind different Fc regions (Jefferis and Lund, 2002) . To study whether IgG Affitins recognize different epitopes with respect to these known IgG interactants, a competitionbinding assay was carried out (Fig. 6 ). The binding of C3 to hIgG was partially inhibited (up to 63%) by Protein A, suggesting overlapping recognition sites. This result was confirmed by direct competition experiments monitored by SPR showing that C3 was able to displace Protein A bound to hIgG surface (not shown). In contrast, D1 binding was not inhibited by Protein A nor by CD64, showing that these two Affitins have distinct recognition sites.
Discussion
Engineered binding proteins are usually evaluated for their potential to generate specific binders against a broad set of targets. However, an ideal protein scaffold should accommodate a high degree of sequence variation while remaining highly stable. In this work we report the first structure of an Affitin derived from the Sac7d protein, the anti-IgG C3, and validates that the randomization of about 20% of the Sac7d sequence does not alter the overall fold of the protein. Furthermore, we have shown here that the Sac7d scaffold is plastic enough to afford alternative library designs, involving various binding modes. Thus, considering the two mutagenesis schemes used for the L1 and L2 libraries, the Sac7d scaffold has been shown to possess at least 18 permissive positions, i.e. 27% of all its amino acids. Taking into account the observation of several tolerated mutations not programmed in the library designs (Fig. 2) , this percentage is probably significantly higher. Overall, these results are in agreement with the observed sequence plasticity of proteins to mutations upon natural evolution (Romero and Arnold, 2009 ). We thus anticipate that the design of another or additional binding surfaces can further expand the potential of our approach. This is supported, firstly, by the recent use of Sso7d as a scaffold in which different residues from the ones we used were randomized (Gera et al., 2011) and, secondly, by the fact that Xylanase, another OB-fold family member, uses a binding face (Raghothama et al., 2000) located in the opposite face (Arcus, 2002) to that of Sac7d. Moreover, we are currently investigating the use of artificially extended loops in Sac7d protein family to generate affinity proteins by selections, and the sequence-structure consensus analysis approach to design an artificial scaffold derived from Sac7d homologous proteins.
Furthermore, our results suggest that the use of two distinct libraries increases the diversity of the binders obtained and their properties. Indeed, this strategy has enabled, for the first time, the isolation of high-affinity binders able to recognize different epitopes of the same target. It remains to be seen if this is general but we believe this is not a fortuitous result, as we obtained similar results for another target (unpublished results).
In addition, IgG binders have thermal stability up to 80.78C and high chemical stability ( pH 0 to 12) thus confirming previously observed favorable properties of Affitins (Mouratou et al., 2007) . In fact, they are in the upper range of scaffolds that have been studied for their stabilities (Table I and reference (Mouratou et al., 2007) ), when compared, for example, to an optimized Affibody (Feldwisch et al., 2010) (Tm ¼ 778C, pH 2.5 to 11.5), DARPins (Wetzel et al., 2008) (Tm . 1008C) and Anticalins (Schlehuber and Skerra, 2002 ) (Tm ¼ 738C). This is noteworthy since it is often difficult to obtain highly stable engineered binders from small proteins lacking disulfide bridge (Getz et al., 2011) . Thermal stability is not only a key to long shelf life but also a general prerequisite to perform labeling with, for example, different chelators of radionuclides and fluorescent dyes (Gebauer and Skerra, 2009 ).
In conclusion, the robustness, specificity and plasticity of Affitins, combined with cost-efficient production processes, make them one of the most attractive scaffolds for biotechnological applications where fine tuning of the properties is needed.
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